Abstract-Synchrotron absorption tomography has been applied for the study of voids formed during the thermal treatment of internal tin Nb 3 Sn strands. Possible void formation mechanisms and in particular the effect of Sn phase transformations and melting are discussed based on a quantitative void description. Sn melting changes mainly the shape and volume of the individual voids but does not increase the total void volume in the strand.
I. INTRODUCTION

D
URING the thermal treatment of Nb Sn superconducting (SC) strands, the formation of voids in the strand matrix is commonly observed [1] . Voids can be detrimental because they reduce the homogeneity of the strand chemistry and they can lead to localized stress conmentrations. Both effects may cause a degradation of the superconductor critical current. Therefore, it is desirable to avoid or at least to better control the void growth during the strand heat treatment, e.g., through optimized strand designs or heat treatment cycles.
In Nb Sn strands that are produced by the internal tin process one can distinguish between at least two types of voids. One void type is formed during the Cu-Sn interdiffusion heat treatment at comparatively low temperatures in the diffusion centers of internal tin design strands. The cross section of these voids can approach that of an entire Sn pool and their formation is often ascribed to the Sn volume expansion upon melting. For the reaction, heat treatment of some strands holding steps below the Sn melting temperature are recommended in order to reduce the effect of Sn melting. The usefulness of such holding steps is discussed controversially [2] .
A second type of voids observed in reacted Nb Sn strands has comparatively small (about 1 m ) cross sections and is distributed around the SC filaments. The formation of these voids has been attributed to differences in the diffusion rates of Cu in Sn and Sn in Cu and/or to the different densities of the formed phases.
So far the void formation in Nb Sn strands has been examined by metallographic techniques [3] , which can not provide the three-dimensional shape of the voids and their distribution along the strand axis. Furthermore, since metallography is destructive the void formation process during a series of heat treatments can not be observed within the same sample. A further disadvantage when analyzing metallographic images is that artefacts, which may occur because of the sample preparation by mechanical grinding and polishing, can not always be excluded. In order to overcome these experimental problems, 3-D tomograms of internal tin Nb Sn strand samples after ex-situ thermal treatments have been reconstructed from the synchrotron radiation absorption contrast. Based on a quantitative void description obtained from these tomograms, the potential of synchrotron tomography for the study of voids in SC strands and the void formation mechanisms are discussed. Main subject of this article is the formation of the relatively large voids in the center of the Sn pools at heating temperatures up to 245 C, just above the Sn melting temperature.
II. EXPERIMENTAL
A. Samples
The samples analyzed are Nb Sn strands of the internal tin design, which are described in detail in [4] . The samples have been drawn down to a diameter of 0.684 mm. The strand comprises 19 diffusion centers, with 198 Nb-7.5wt.%Ta filaments (filament diameter about 3.4 m) around each of the 19 main Sn pools, which have an approximate diameter of 40 m. The filament spacing is less than 1 m. The strand has a common diffusion barrier made of Nb and Ta. The relative volume fractions of the different strand materials are summarized in Table I .
B. Thermal Treatments
Strand samples were examined before heat-treatment and after 24 h ex-situ heating at 170 C, 220 C, and after nine days 220 C. In order to distinguish between the influence of Sn melting and intermetallics growth on the void formation, an additional sample was heated to 245 C (just above the Sn melting temperature) for less than 10 min and afterwards the 1051-8223/$25.00 © 2007 IEEE Fig. 1 . Linear absorption coefficients of tantalum, tin, niobium, and copper. X-ray energy range used for the tomography experiments was 42-55 keV.
temperature was kept constant at 220 C for 24 h. In this way, two samples with similar intermetallics volume are produced in which in one case Sn has melted and in the other case Sn melting is avoided. In the following, the sample which was heated to a maximum temperature of 245 C is referred to as "max. 245 C."
The heating temperature has been measured with a thermocouple, which was in good thermal contact with the strand sample. The accuracy of the temperature measurements is estimated as C and the temperature increase was 20 C . The temperature reading during all heating cycles was recorded and did never exceed the adjusted temperature by more than 2 C. At the end of the heating cycles, the samples were taken out of the furnace and quenched in water.
The ends of the strands were carefully closed by crimping in order to avoid leaking out of molten Sn during the heat treatments. After the heat treatments, the outer sample surface did not show any signs of Sn leakage. The heat treated strands were about 10 cm long and only the center part of these samples was analyzed.
C. Metallographic Sample Preparation
For grinding and polishing of metallographic cross sections, the strand samples are mounted in a cold resin, assuring a perpendicular cut. Wet grinding is done using silicon carbide paper in three steps (360 grit, 600 grit, and finally 1000 grit). For sample polishing, 9-and 3-diamond particle suspensions are used. For the last polishing step, a 0.1-m colloidal silica suspension with is used (combined mechanical and chemical polishing). All grinding and polishing steps are done with complementary head direction and a sample force of about 15 N. The thickness of the damaged surface layer is estimated as 0.2 m (two times the last polishing particle size).
D. Synchrotron Tomography
Three-dimensional tomograms of about 2-mm-long strand sections have been reconstructed from the synchrotron absorption contrast, which depends on the average atomic number of the probed sample material (see Fig. 1 ) [5] . The tomography measurements were carried out at the beamline of the Federal Institute for Materials Research and Testing (BAM) at the electron synchrotron BESSY. The tomographic facility is run jointly by HMI and BAM and dedicated to the investigation of materials and compounds. By using a wave length shifter with a magnetic field of 7 T integrated into the storage ring, the measurement energy is tuneable from 6 to about 70 keV. The X-ray energy range used for the study of the Nb Sn strand samples was 42-55 keV.
The parallel, highly intensive synchrotron radiation allows a high spatial resolution (depending on the used optics down to 1.5-m pixel size), low number of artifacts and a very good signal-to-noise ratio. The beam was monochromized by a double multilayer monochromator with an energy resolution of about . Fig. 2 shows a sketch of the tomographic setup. The monochromatic X-rays are attenuated by the sample followed by conversion into visible light by different kinds of scintillators. The choice of the scintillator depends on the X-ray energy and the required spatial resolution. In order to resolve the voids in the Nb Sn strand samples, single crystal scintillators are required. For the measurements presented here, a new developed single crystal scintillator (20 m layer) was used. The radiographic images were magnified and projected on a Princeton Instruments camera with a charge-coupled device (CCD) chip of . For the tomographic pictures 1200 radiographic images with an angle increment of 0.15 and an optical resolution of 1.5 m were measured.
III. RESULTS
A. Synchrotron Absorption Tomography Versus Optical Metallography
In Fig. 3 , the cross section of a non-heat treated Nb Sn strand reconstructed from the synchrotron absorption contrast is compared with the optical true color image of a metallographically prepared sample in order to demonstrate the potential of synchrotron tomography to resolve the different phases in internal tin Nb Sn superconductors.
It can be seen that, apart from the Nb-Ta filaments, the strand geometry is correctly resolved in the tomogram. The separation of the Nb-Ta filaments in the Cu matrix is smaller than the spatial resolution of the tomographic setup. Therefore, the Nb-Ta filaments appear as a blurred ring around the Sn reservoirs. In the non-reacted strand, voids are neither observed in the tomogram nor in the metallographic strand cross section. In Fig. 4 , the metallographic diffusion center cross sections are shown after different thermal treatments. The pure Sn in the non-heat treated strand section is successively transformed into the intermetallic phases Cu Sn and Cu Sn, which are visible as dark grey Cu Sn and bright grey Cu Sn rings surrounding the diffusion centers.
B. Void Formation During Cu-Sn Mixing Heat Treatment 1) Observation of Intermetallics Growth by Optical Metallography:
The intermetallics growth kinetics at 220 C has been determined by measuring the intermetallics thickness in metallographic wire cross sections. The Cu Sn growth occurs with a nearly parabolic law, indicating that the intermetallics formation process is diffusion controlled. Apparent rate constants for the intermetallic layer growth, estimated from the layer thickness and the growth time according to , are m and m . Literature values for layer growth at 215 C are m and m for Cu Sn and Cu Sn , respectively [6] .
2) Void Formation as Observed by Synchrotron Tomography: Fig. 5 shows a 3-D view of the Sn pools and the diffusion barrier of a strand sample after heat treatment at a maximum temperature of about 245 C. The outer part of the Sn pools is reacted with Cu to Cu Sn and Cu Sn and, therefore, this part appears as a bright ring around the dark center of pure Sn. The outside surface of the Sn pools has changed from the laminar appearance, which is developed during the wire drawing process, to a cauliflower like appearance as it is typical for the intermetallics formed during the heat treatment. The diffusion barrier surface has kept its laminar structure. Large pores can be seen in two Sn pool centers.
In Fig. 6 , a 3-D view of the voids remaining in the strands after different ex-situ thermal treatments is presented. In the tomograms the superconductor material has been transparently depictured.
The total void volume as well as the average volume and aspect ratio of the individual voids in the differently heat treated strands is presented in Table II . Whereas in the non-heat treated sample, no voids are detected, after the 24 h-170 C treatment relatively small pores with globular appearance are observed in the Sn pools. After the 24 h-220 C heat treatment the total void volume is increased about tenfold with respect to the 170 C heat treated sample. Further increasing the 220 C heat treatment time does not significantly change the total void volume. The shape and volume of the individual voids in the center of the Sn pools changes strongly when the Sn melting temperature has been exceeded. The total void volume is only slightly affected by the Sn melting.
IV. DISCUSSION
A. The Void Formation Mechanism
Possible mechanisms for the void formation in internal tin Nb Sn strands include a partly plastic strand deformation during Sn volume changes upon melting and phase transformations, density changes due to the formation of intermetallics (Cu Sn and Cu Sn), and nucleation and growth of voids as a result of differences in Sn and Cu diffusivities. In order to assess the possible contribution of each of these mechanisms, the densities of the different phases that can be present in internal tin strands during the Cu-Sn mixing heat treatment up to 350 C are summarized in Table III , together with the relative volume changes during phase transformations with respect to the volume of the pure solid -Sn and Cu in their stoichiometric quantities.
For Cu Sn , there is good agreement between the measured and calculated density, indicating a volume decrease of about 1% upon the formation of Cu Sn from Cu and -Sn. For Cu Sn, there is a discrepancy between measured and calculated density values that have been reported. The calculated density indicates that the Cu Sn volume is approximately 1% higher than the volume of the Cu and Sn from which it is formed.
1) Volume Changes Upon the Formation of CuSn Intermetallics:
The intermetallics volume in the strand after 216 h-220 C heat treatment is more than twice the intermetallics volume after 24 h-220 C treatment. If void growth would be caused by density changes upon formation of Cu Sn and Cu Sn, one should expect that the void volume increases with the intermetallics volume. Since no influence of the 220 C heating time on the void volume has been observed it is concluded that density changes due to the formation of CuSn intermetallics are not the main reason for the void growth.
2) The Effect of Sn Melting: A comparison of the total void volume in the strands after the different heat treatments (see Table II ) shows that after resolidification of the liquefied Sn there is no strong void volume increase with respect to the void volume in the strands in which Sn was not melted before the 24 h-220 C heat treatment. The main effect of the Sn melting is the strong change of the volume and shape of the individual voids, e.g., expressed in the average aspect ratio, as compared to the voids that are formed by heat treatments below the Sn melting temperature and subsequent cool down.
3) Volume Changes Upon the Transformation of -Sn to -Sn:
The existence of a third allotropic form of Sn, -Sn, is discussed controversially [7] , [8] and its formation above 162 C is supposed to depend on the Sn pressure. If -Sn with a tetragonal lattice would be transformed into the brittle -Sn with a rhombic lattice, this would cause a strong volume expansion of about 10% (see Table III ). Subsequent volume shrinkage when -Sn would be transformed back to -Sn during cooling could possibly explain the presence of voids in the 170 C and 220 C heat treated strand samples.
4) Are There Kirkendall Voids Formed During the 220 C Heat Treatments?: During the solid state Cu-Sn interdiffusion there is a generation of vacancies due to differences of the diffusion coefficients of Cu in Sn and Sn in Cu. Under certain conditions, the generation of vacancies can cause the nucleation and growth of voids, which are commonly referred to as Kirkendall voids [6] . Such voids occur for instance during the 200 C heat treatment of the Sn coated Cu matrix of Nb-Ti superconducting strands, when Sn interdiffuses with the Cu strand matrix to form Cu Sn [9] .
In the present study of the internal tin Nb Sn strand Kirkendall voids have not been observed in strand samples that were heat treated up to 245 C. The reason for this apparent discrepancy might be that the voids are not formed because of the high pressure in the strands [10] , or a lack of tensile stress that is necessary for the nucleation and growth of Kirkendall voids [3] . The formation of the relatively small voids distributed around the filaments, which are often referred to as Kirkendall voids, have been observed by synchrotron tomography after ex-situ heat treatment at 310 C and at higher temperatures. The formation of these voids in internal tin design strands will be studied by in-situ synchrotron tomography and will be discussed in a further paper.
B. Influence of Holding Steps
The Cu-Sn intermetallics growth rate at 162 C is so low that Sn can not be transformed into intermetallics in a reasonable time scale below the reported -Sn to -Sn transformation temperature. Holding temperatures below 162 C are, therefore, not assumed to be useful for the suppression of voids inside pure Sn pools.
Sn melting may be avoided by holding steps below 232 C. However, for the internal tin wire studied here it would take more than one month to transform the main Sn pools entirely into Cu Sn and Cu Sn at 220 C. Hence, Sn melting in internal tin strands can be avoided only with strand designs where the Sn pool diameter is strongly reduced. In order to transform all Sn into Cu Sn and Cu Sn during a 24 h-220 C holding step, the Sn pool diameter must not exceed about 6 m. Avoiding the Sn melting would mainly influence the size and shape of individual voids rather than the total void volume.
C. Potential of Synchrotron Tomography for the Characterization of Nb Sn Superconductors
It has been demonstrated that synchrotron tomography allows the resolution of the voids formed during the reaction heat treatment of Nb Sn superconductors. Thus, synchrotron tomography, in particular during in-situ heat treatments, is a helpful tool for obtaining a better understanding of the void formation mechanisms and the influence of different heat treatments and strand designs.
The irregular shape and distribution of the voids (see Fig. 6 ) is an intrinsic problem of metallographic studies of void growth. Depending on the longitudinal position at which the wire is cross sectioned, after identical heat treatments either large voids can be detected or no voids at all can be seen. Therefore, the influence of a certain heat treatment on void volume can only be assessed from 3-D images of the voids within a sufficiently large sample volume. In metallography, sample preparation artifacts may also obscure the voids, for instance by smearing the soft Sn over the less ductile adjacent metals during the mechanical sample grinding and polishing procedures. Such artifacts are excluded in synchrotron tomography.
Apart from the study of void growth, synchrotron tomography may also be useful for the examination of the strain induced crack formation in the brittle Nb Sn phase of reacted strands. Conventional metallographic techniques have in this case the disadvantage that cracks in Nb Sn may be induced even with the most sophisticated polishing procedures [11] . The dimensions of the cracks in Nb Sn are in the order of 0.1 m and, therefore, can not be resolved by synchrotron absorption tomography as it has been described here. However, phase contrast tomography may provide sufficient sensitivity for visualising these cracks and allow the observation of crack formation during in-situ straining of Nb Sn strands.
V. CONCLUSION
The tomography setup used clearly resolves the voids in the tin pools of internal tin process Nb Sn strands. Unlike classical metallographic techniques, synchrotron tomography is nondestructive and can provide a quantitative description of the void volume, shape, and distribution within the strands.
The tomograms obtained after ex-situ thermal treatments show clearly that voids are already formed at temperatures below the Sn melting temperature of 232 C. Sn melting and subsequent Sn shrinking during solidification does not cause a strong increase in the total void volume but changes strongly the volume and shape of individual voids.
The influence of temperature holding steps during the Cu-Sn mixing heat treatment on the void formation and the formation of the relatively small voids around the Nb-Ta filaments is subject for further studies by in-situ synchrotron absorption tomography.
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